Abstract: The malleus and incus in the human middle ear are linked by the incudo-malleolar joint (IMJ). The mobility of the human IMJ under physiologically relevant acoustic stimulation and its functional role in middle-ear sound transmission are still debated. In this study, spatial stapes motions were measured during acoustic stimulation (0.25-8 kHz) in six fresh human temporal bones for two conditions of the IMJ: (1) normal IMJ and (2) IMJ with experimentally-reduced mobility. Stapes velocity was measured at multiple points on the footplate using a scanning laser Doppler vibrometry (SLDV) system, and the 3D motion components were calculated under both conditions of the IMJ. The artificial reduction of the IMJ mobility was confirmed by measuring the relative motion between the malleus and the incus. The magnitudes of the piston-like motion of the stapes increased with the reduced IMJ mobility above 2 kHz. The increase was frequency dependent and was prominent from 2 to 4 kHz and at 5.5 kHz. The magnitude ratios of the rocking-like motions to the piston-like motion were similar for both IMJ conditions. The frequency-dependent change of the piston-like motion after the reduction of the IMJ mobility suggests that the IMJ is mobile under physiologically relevant levels of acoustic stimulation, especially at frequencies above 2 kHz. The malleus and incus in the human middle ear are linked by the incudo-malleolar joint 10 (IMJ). The mobility of the human IMJ under physiologically relevant acoustic stimulation and 11 its functional role in middle-ear sound transmission are still debated. In this study, spatial 12 stapes motions were measured during acoustic stimulation (0.25-8 kHz) in six fresh human 13 temporal bones for two conditions of the IMJ: (1) normal IMJ and (2) IMJ with 14 experimentally-reduced mobility. Stapes velocity was measured at multiple points on the 15 footplate using a scanning laser Doppler vibrometry (SLDV) system, and the 3D motion 16 components were calculated under both conditions of the IMJ. The artificial reduction of the 17 IMJ mobility was confirmed by measuring the relative motion between the malleus and the 18 incus. The magnitudes of the piston-like motion of the stapes increased with the reduced IMJ 19 mobility above 2 kHz. The increase was frequency dependent and was prominent from 2-4 20 kHz and at 5.5 kHz. The magnitude ratios of the rocking-like motions to the piston-like 21 motion were similar for both IMJ conditions. The frequency-dependent change of the piston-22 like motion after the reduction of the IMJ mobility suggests that the IMJ is mobile under 23 physiologically relevant levels of acoustic stimulation, especially at frequencies above 2 kHz. 24 2
Introduction 36
The ossicular chain in the human middle ear transmits sound-induced mechanical 37 vibrations of the tympanic membrane (TM) to the inner ear. The middle-ear ossicular chain 38 comprises three bones --the malleus, incus, and stapes, which are connected via the incudo-39 malleolar joint (IMJ) and incudo-stapedial joint (ISJ) . 40
The IMJ connects the articular surfaces of the malleus and incus and has a twisted 41 saddle shape (Helmholtz 1863; Etholm and Belal, 1974; Sim and Puria, 2008) . It has 42 previously been described in the literature as a synovial joint (diarthrodial joint/diarthrosis) 43 (Politzer, 1884; Harty, 1953 Harty, , 1964 Etholm and Belal, 1974; Schuknecht, 1974; Marquet, 44 1981; Hüttenbrink and Pfautsch, 1987; FICAT, 1998; Sim and Puria, 2008) . According to the 45 literature, the IMJ is encapsulated by fibrous structures along its borders and contains 46 synovial fluid inside the capsule, without the muscular components that are present in skeletal 47 joints. The thickness of the IMJ tissue structures between the articular surfaces of the malleus 48 and the incus varies from 0.04 mm to 0.32 mm along the intra-articular space, with maximal 49 thickness on the medial and lateral aspects (Sim and Puria, 2008) . The anatomical features of 50 the IMJ may allow it to be deformed, resulting in relative motions between the malleus and 51
incus. 52
The role of the IMJ as a protection mechanism against large static pressure changes 53 has been proposed. For example, Kirikae (1960) argued that the IMJ is immobile up to 140 54 dB SPL, after which relative motion between the malleus and the incus could occur. 55 Hüttenbrink (1988a) found that the IMJ is mobile under static pressure change. Such relative 56 shear motions between the malleus and incus in human temporal bones (TBs) has been found 57 in other studies as well (Kobrak, 1959; Cancura, 1980; Hüttenbrink, 1988b; Dahmann, 1929 ; 58
Politzer, 1873; Mach and Kessel, 1874) . 59
While relative displacement between the malleus and the incus under static pressure 60 change of large magnitudes is generally accepted, flexibility of the human IMJ under acoustic 61
Material and Methods 108
Fresh TBs from human cadavers were used in this study, and approval was obtained 109
by the Ethical Committee of Zurich (KEK-ZH-Nr. 2012-0007). 110
To assess the contribution of the IMJ to middle-ear sound transmission in human ears, 111 spatial motions of the stapes, which were measured using a laser Doppler vibrometry (LDV) 112 system, were compared under two different conditions of the IMJ: (1) normal IMJ and (2) 113 IMJ with experimentally reduced mobility. To reduce the mobility of the IMJ, the articular 114 capsule of the IMJ was opened with a surgical hook on the superior side, and removal of the 115 synovial liquid was facilitated by capillary flow to an absorbent tissue. Then, the cavity was 116 filled with glue (Denseal Superior, Prevest Denpro GmbH, Germany) such that the glue 117 replaced the synovial fluid and connected the articular surfaces of the malleus and the incus. 118
For purposes of the study, we refer to the unmodified IMJ as "mobile IMJ," and the IMJ with 119 reduced mobility following insertion of the glue (reduced by 15-18 dB, see 
Temporal Bone Preparation 133
The fresh TBs were harvested within 24 hours after death and were preserved in 134 thiomersal 0.1 % (thimerosal, C 9 H 9 HgNaO 2 S) solution at 4° C. Subsequent measurements 135 were done within 7 days after the TBs were harvested (except for TB 2, which was done at 13 136 days). One TB, which did not conform with the American Society for Testing and Materials 137 (ASTM) standard (F2504-05, Philadelphia, 2005), was excluded during the first stage of the 138 measurements, resulting in a total of six TBs. The six fresh TBs were from four males and 139 two females, with an average age of 68.2 years (ranging from 48 to 83 years). 140
Exposure of the middle-ear ossicular chain, which included a near-perpendicular view 141 of the stapes footplate and a superior-medial view of the malleus-incus complex, was made by 142 a mastoidectomy with posterior tympanotomy. The TM, middle-ear ossicles, ligaments, and 143 tendon were left intact. The external ear canal was removed and was replaced by an artificial 144 ear canal (AEC) of about 0.5-ml volume (diameter of 9.65 mm and length of 6-8 mm) (Sim et To obtain the spatial components of the stapes motion, velocities at multiple points 156 (approximately 100 points) on the stapes footplate were measured by a scanning laser 157 Doppler vibrometry (SLDV) system (OFV-3001 SLDV system, Polytec GmbH, Germany). 158
To improve the signal-to-noise ratio of the SLDV, retro-reflective glass beads (50 microns) 159 were attached to the stapes footplate. A video camera (VCT 24), oriented coaxially with the 160 laser beam, was used to determine the measurement area on the footplate as well as the 2D 161 coordinates (i.e., X and Y coordinates) of the measurement points in the SLDV measurement 162 frame (corresponds to XYZ coordinate system in Fig. 1 ). In the SLDV measurement frame, the 163 XYZ coordinate system was set such that the laser beam was along the Z direction and the XY 164 plane was normal to the laser beam. The angle θ between the laser beam direction (i.e., Z axis 165 of SLDV frame) and the z axis of the anatomical frame (see Fig. 1 ) was 34 ± 11 °. 166
The mobility of the IMJ was monitored before and after immobilization. 
Quantification of the IMJ mobility 211
To quantify the relative motion between the malleus and the incus before and after the 212 IMJ immobilization, the relative motion around the IMJ was measured from a superior view, 213 and the magnitude ratios of the relative motion components to the corresponding motion 214 components of the malleus and incus (R vO , R ωX , R ωY , and R TOTAL ) were obtained. 215
The SLDV system was positioned for the right ear such that the approximate 216 alignments of the direction of each axis were: the X-axis, posterior-to-anterior; the Y-axis, 217 lateral-to-median; the Z-axis, the inferior-to-superior. Since the motions of the malleus and 218 the incus were measured with only one laser beam direction, only three rigid-body motion 219 components for each of the malleus and incus could be obtained in the SLDV measurement 220 frame: translation along the laser beam direction (Z-direction) and two rotations about the X-221
and Y-axes of the SLDV measurement frame (Note that the SLDV measurement frame here 222 has nothing to do with either the SLDV measurement frame or the anatomical frame in stapes 223 motion shown in Fig. 1 ). The translational motion along the laser beam direction was 224 calculated with respect to the center of the measurement area (denoted as O), which was 225 located on the IMJ, for both the malleus and the incus. Next, the relative motions in the three 226 rigid body motion components were calculated by 227 (1), all the velocity components were treated as complex numbers to consider the phases. 235
Then, each relative motion component was normalized by the magnitude of the corresponding 236 motion component of the malleus and incus, as an index representing the ratio of the relative 237 motion to motion of the malleus and incus (R vO , R ωX , and R ωY ). 238
In Eq. (2), the magnitudes of the corresponding motion components of the malleus and incus 242 were obtained as the average of magnitudes of the malleus motion components and the incus 243 motion components. To represent the ratio of the total relative motion to the incus and 244 malleus motion, the ratios of the relative motion components were averaged with the ratio 245 components weighted by portions of the corresponding motion components. 246 
where Before the IMJ was immobilized, the averaged relative motion ratios (R TOTAL ) were small in 296 the low frequency range (-17.5±2.9 dB at 0.5 kHz), and increased with frequency, reaching 297 0.1±1.9 dB at 6 kHz. The relative motion ratio of ω Y (R ωY ) was larger than the relative motion 298 ratios of the other components, but its contribution to the weighted average ratio (R TOTAL ) was 299 smaller than the contribution of the relative motion ratios of the other components because the 300 motion components ω YM and ω YI of the malleus and incus had smaller magnitudes than other 301 motion components (i.e., W ωY was smaller than W vO and W ωX ). No dependence of the relative 302 motion on age was observed with the six temporal bones used in this study (ANOVA with age 303 as covariate). After the IMJ was immobilized, the averaged relative motion ratios were 304 reduced by 10 to 15 dB (i.e., R TOTAL was reduced to 18 -30 % of the values before 305 immobilization of the IMJ), along the frequency range of 0.5 -6 kHz (p < 0.05 at 1 kHz and p 306 < 0.01 at all other frequencies with paired t-test). The immobilization of the IMJ was more 307 effective for higher frequencies, where the IMJ had more relative motion before the 308 immobilization (R TOTAL was reduced by 10 dB at 0.5 kHz and by 15 dB at 6 kHz). 309 ratios (left) and relative phase difference (right)). In the figure, the relative change was 319 calculated for each temporal bone, then the relative changes were averaged over all the 320 temporal bones (n = 6). An ANOVA for repeated measures on the magnitude change revealed 321 that the difference of the magnitude between the two IMJ conditions was frequency-322 dependent (p = 0.004). While the magnitudes were similar for both IMJ conditions at 323 frequencies below 1.8 kHz, the magnitudes were generally higher for the immobilized IMJ for 324 the higher frequencies. The paired t-test resulted in p-values less than 0.05 for frequencies in 325 the 1.8 to 7 kHz range and p-values less than 0.01 for frequencies from 2 to 4 kHz and at 5.5 326 kHz (shaded with dark gray in Fig. 5 ). The immobilization of the IMJ also tended to cause an 327 increase in phase between 1.5 and 4 kHz. Because of the age range of the TBs and the 328 proposition that mobility could change as a function of age, we examined dependence of the 329 results on age, and no dependence of the relative change on age was observed (ANOVA with 330 age as covariate). 331
To observe the changes in magnitude ratios of the two rotational velocities (i.e., have argued that measurements with TBs are typically presumed to be stable for a "couple of 369 hours," but there is large variability across TBs in the rate of acceleration of the physiological 370 changes of the middle-ear tissues. Our examination of the drying effect (Fig. 2) shows similar 371 trends. We also found that the effect can be reversed by immersing the TBs in saline solution, 372 thus the motion of the stapes recovers to approximately the same levels as before being dried. (Fig. 4) . The relative motion was reduced by 10 to 15 dB after the artificial 381 immobilization. 382
Our results indicate that a mobile IMJ attenuates the magnitude of middle-ear sound 383 transmission, especially for frequencies above 2 kHz. The mean piston-like motion (Voz) 384 increases after immobilization by less than 7 dB for the frequencies from 1.8 to 8 kHz. 385
Specifically, the prominent difference occurs from 2 to 4 kHz, and at 5.5 kHz (p < 0.01 with 386 paired t-test). With the mobile IMJ, the ratios of the two rocking-like motions to the piston-387 like motion were frequency-dependent (p < 0.001 with ANOVA test), that is to say, there 388
were relatively large rocking-like motions at higher frequencies. This is in agreement with 389 results from previous studies (Heiland et The larger difference of the piston-like stapes motion between the mobile and 394
immobilized IMJ conditions at higher frequencies is presumed to be due to relatively large 395 loss of motion from malleus to incus at higher frequencies for the normal IMJ as compared to 396 the immobilized IMJ. With the normal condition of the IMJ (i.e., before the IMJ 397 immobilization), the index for the ratio of the relative motion (R TOTAL ) increased with 398 frequency (Fig 3) , indicating more relative motion at higher frequencies. Therefore, the 399 mobility of the IMJ will not affect the middle-ear sound transmission at low frequencies 400 considerably. At frequencies above 4 kHz, the R TOTAL is maximized and reaches almost 0 dB 401 (i.e., ratio of 1), indicating that the magnitude of the relative motion is almost the same as the 402 average magnitude of the malleus motion and the incus motion. Therefore, in this frequency 403 range, the immobilization of the IMJ is expected to affect the middle-ear transmission 404 significantly. 405
The high-frequency dominant change in middle-ear sound transmission due to 406 mobility of the IMJ in human TBs has been described previously. cats Khanna 1967, 1968) , 17 hours in rabbits (Gill 1951) , and 48 hours in 432 rabbits (Onchi 1961) . 433
The slow post-mortem changes, which may be caused by dehydration and autolysis, 434 are important for the repeatability and stability of the measurements. According to previous 435 studies, the slow post-mortem changes do not necessarily occur in all human TBs, and the 436 effects are not accentuated for a specific frequency range. Goode et al. (1993) kHz. Zwislocki and Feldman (1963) observed that the changes start in the low-frequency 443 range. Effects of the slow post-mortem changes on the measurements in this study were 444 unavoidable. However, they were minimized by preserving the fresh TBs in thiomersal 0.1 % 445 solution at 4° C within 24 hours after death and by performing most measurements within a 446 week after death (with the exception of TB2, which was measured 13 days after the death). 447
No major differences in terms of stapes motion between live human subjects and fresh human 448
TBs were obtained in intraoperative measurements (Huber et al. 2001 , Chien et al. 2009 ), 449 which strongly argues against large post-mortem effects. Therefore, our observation that the 450 immobilized IMJ generates larger piston-like motions than the mobile IMJ only at frequencies 451 above 2 kHz is not likely to be from the post-mortem changes of the TBs. 452
The fact that the temporal bones in this study are mostly from elderly subjects 453 (average of 68 years) could have influenced the results. Although we did not observe an age 454 dependency in our results, the number of samples is too small to draw a definitive conclusion. 455 Decraemer and Khanna (2004) noted that their experiments also may have been biased due to 456 use of temporal bones from elderly subjects. Willi (2003) describes a trend of a decrease of 457 sound transmission at higher frequencies (> 3 kHz) with age in fresh human temporal bones, 458 which would have to be confirmed in further measurements. Several morphological 459 parameters of the IMJ may change with age including hyalinization or calcification of the 460 joint capsule, thinning and calcification of the articular cartilage, thinning and calcification of 461 the disc, and arthritis resulting in narrowing or obliteration of the joint space (Gussen, 1971 ; 462 Etholm and Belal, 1974) . In addition, the amount of elastic fibers in the joint capsule tends to 463 decrease with age (Harty, 1953) , which may result in a reduction of the joint tension. Savić 464 and Djerić (1988) describe degenerative changes in 40 % of their samples from persons 465 between 40 and 60 years. While the reduction of the joint tension is expected to increase the 466 mobility of the IMJ, effects of other morphological changes such as calcification and 467 obliteration on the mobility of the IMJ have not been investigated, to our knowledge. With a 468 possibility that the age-related morphological changes of the IMJ increase its mobility, we 469 cannot rule out that the large mobility of the IMJ that we observed may have been due to the 470
TBs from elderly people used in this study. 471
Another possibility is that the mobility of the IMJ exists as part of a protection 472 mechanism, and the transmission loss at the high frequencies under moderate sound pressures 473 is an unavoidable side effect of this mechanism. That is, the mobility of the IMJ that exists to 474 protect the sensitive structures of the inner ear against high static pressure change also affects 475 normal sound transmission with acoustic sound simulation of moderate levels. The protection 476 mechanism has been proposed previously by several investigators (Dahmann, 1929 (Dahmann, , 1930 ; 477 Békésy, 1936; Stuhlman 1937; Kobrak, 1959; Hüttenbrink, 1988a Hüttenbrink, , 1988b Hüttenbrink, , 1997 Cancura, 478 1980; Offergeld et al., 2000) . 479 Puria and Steele (2010) predicted that the mobility of the IMJ could provide flexible 480 adaptation to the complex motion of the malleus such as a twisting motion (i.e., rotational 481 motion about the superior-inferior axis) at high frequencies. However, our results that 482 artificial immobilization of the IMJ increased the middle-ear transfer function of the piston-483 like motion without change in the pattern of the stapes motion do not provide evidence for 484 such a role of adaptation of the IMJ, at least up to 8 kHz, which is the frequency range 485 considered in this study. 486
Conclusion 487
The IMJ was shown to be mobile at frequencies above 2 kHz under physiologically 488 relevant acoustic stimulation of 90-110 dB SPL. A prominent frequency-dependent difference 489 of the piston-like motion of the stapes between the mobile and immobilized IMJ conditions 490 was observed; whereas, the ratio of the rocking-like motions relative to the piston-like motion 491 of the stapes showed no significant difference. The prominent frequency-dependent change of 492 the piston-like motion above 2 kHz is presumed to be due to large mobility of the IMJ at high 493 frequencies. It is still questionable whether the mobility of the IMJ exists as part of a 494 protection mechanism, regardless of age, or occurs only in elderly people due to aging effects. 495
Since the sample size of six in this study is not sufficient to reveal the effects of age on frame (xyz coordinate system) for the right ear (right-handed frame system). In the SLDV 653 measurement frame, the XYZ coordinate system was set such that the laser beam was along 654 the Z direction and the XY plane was normal to the laser beam. In the footplate-fixed 655 anatomical frame, the xy-plane was fitted to the median surface of the stapes footplate, and the 656 origin at the centroid of the median surface. The anterior direction was set as the positive x-657 direction, the superior direction as the positive y-direction, and lateral direction as the positive 658 z-direction. The angle θ between the laser beam direction (i.e., Z axis of SLDV frame) and the 659 z axis of the anatomical frame was 34 ± 11 °. two rotational motions along the long and short axes of the footplate) with respect to the 692 piston-like motion (i.e., the footplate-center velocity in the z-direction), before (solid) and 693 after (dashed) the IMJ immobilization. The inferior-edge velocity due to the rocking-like 694 motion of the footplate along the long axis (left), and the posterior-edge velocity due to the 695 rocking-like motion of the footplate along the short axis (right). 696
